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a b s t r a c t 
In this paper, we propose a new mathematical programming model for integrating produc- 
tion and procurement transport planning decisions in manufacturing systems in a unique 
optimization model. This problem was introduced conceptually and dubbed as MRP IV by 
Díaz-Madroñero et al. (2012) to extend the current MRP (material requirement planning) 
systems. This proposal simultaneously considers material, production resources capacities 
and procurement transport planning decisions with different shipping modes (such as full- 
truckload, less-than-truckload and milk-run) in the supply chain to avoid suboptimal re- 
sults, which are usually generated due to sequential and independent plans. We consid- 
ered an industrial automobile company to validate the proposed model using real world 
data. The results obtained by the MRP IV proposed model, in terms of total planning costs 
and transport efficiency indicators, are better than those obtained in the current heuristic 
procedures followed in the company under study. 

1. Introduction 
Nowadays, supply chains are characterized by their members’ considerable offshoring, and most are located in countries 

with lower labor costs and less strict regulations. In this context, production planning and materials procurement in current 
industrial firms are highly influenced by transportation planning, and cannot hence be considered independent processes. 
However, most current production planning systems calculate production, procurement and transport planning decisions 
separately by generating plans that have to be rescheduled or manually amended given their suboptimality from an eco- 
nomic perspective or their infeasibility due to capacity constraints [1] . 

The material requirement planning (MRP) system, proposed by Orlicky [2] , continues to be the most widely used pro- 
duction planning system. MRP is based on the explosion of a BOM, which translates the production plan into the required 
amounts and time instants by considering inventory levels and lead times for raw materials and components [3,4] . The 
MRP system does not consider any capacity constraint, and this led to evolution toward closed-loop MRP and MRP II (man- 
ufacturing resource planning) systems [5] and extended the original MRP system with master schedule calculations and 
capacity requirements planning or CRP. In the 1990s, the MRP II system evolved to MRP III (money resource planning) 
[6] and ERP (enterprise resource planning) systems [7] , whose main goal was to incorporate all business functions (finances, 
sales, production, etc.) into a single decision-making system. Yet despite the features added in recent decades, such as sup- 
ply chain management or transport issues and new communications and IT features, the main element of ERP systems still 
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lies in the logic of the original MRP systems. In current competitive business environments, firms need to optimize their 
production planning decisions, hence the demand of MRP models with optimization features. According to Yenisey [8] , al- 
though the earliest MRP approaches did not provide optimal solutions, the maximization of profit and constraints related 
to demand or productive resources was gradually included in order to optimize the production and procurement plans that 
derived from MRP systems. The works by Karni [9] and Billington et al. [10] can be considered original contributions in this 
area as they propose mathematical programming models for MRP problems under capacity constraints. Other authors like 
[8,11–16] have addressed MRP optimization by different approaches based on mathematical programming solution methods 
in deterministic scenarios. 

Regarding transport planning, Coyle et al. [17] defined transport as the physical link that connects fixed points in a logis- 
tics supply chain. Hence transport processes are fundamental parts in supply chains because they enable raw materials and 
finished goods to flow among suppliers, manufacturers, warehouses and retailers. Hence transport planning can contribute 
to increase the degree of supply chain managers’ satisfaction by supporting the planning and control of material flows 
[18] and the delivery of superior value to end consumers [19] . According to Fleischmann et al. [20] , two types of transport 
processes can occur in a supply chain. On the one hand, the supply of materials from external suppliers to a production 
site [21–26] , and, on the other hand, the distribution of products from a factory to customers [27–30] . According to Chandra 
and Fisher [31] , the integration of production and transportation planning decisions is a way to reduce costs and to increase 
efficiency in operations in industrial firms [32,33] . In line with this, several surveys have been published on simultaneous 
production and transport planning [34–39] . Most of these reviewed models simplify transport processes by considering only 
direct shipments or the full truck load shipping mode, and by disregarding the less-than-load or routes distribution mode. 
The simultaneous consideration of production and transport routes is addressed by a research area, called the production 
and routing problem, which has developed in the last few years [40,41] . The production routing problem consists of a man- 
ufacturing plant, from which products are sent to customers by determining the necessary distribution transport routes and 
the corresponding inventory levels for both the production plant and customers in order to minimize the corresponding 
total costs [31,42–47] . 

Transport planning in these distribution problems is usually the supplier’s responsibility, but there are some main excep- 
tions, e.g., in the automobile industry, where the manufacturer controls transport from its suppliers. In this case, transport 
planning also occurs on the procurement side [20] . In such contexts, integration related to production and transport pro- 
curement decisions is usual lacking, so production planning is done separately and sequentially in relation to the transport 
planning of raw materials and components from suppliers to manufacturing centers [38] . Therefore, optimization models 
and tools for simultaneous production and procurement transport planning processes that contemplate different forms of 
transport, e.g., full truck load, less-than-load and milk-run, etc., are needed [48] . 

In this context, in [1] we conceptually approached the problem of integrating into a unique optimization model the MRP 
II production system, which is widely used by companies around the world, and procurement transport planning decisions, 
of increasing relevance because global supplier network developments are expanding. Therefore, we dubbed our conceptual 
approach as MRP IV as an extension of previous MRP systems, which is the basis of our proposal. Other extensions of 
MRP systems have also arisen with different denominations, such as DDMRP [49] , Green-MRP [50] and MRP/sfx [51] , which 
respectively address aspects of driven demand, sustainability and shop floor orientation. 

Here, the present paper proposes a mathematical programming formulation for modeling and solving the MRP IV prob- 
lem, which integrally addresses material, production, capacity and transport requirement planning to support a manufac- 
turing company’s decision making. The main contributions of this paper are summarized as follows: introducing a novel 
mathematical programming model for integrating production and procurement transport decisions in a unique optimization 
model by considering several shipping modes, e.g., full truck load (FTL), less-than-load (LTL) and milk-run, and model valida- 
tion in a real-world company that belongs to the automobile industrial sector. In this context, other alternative approaches 
that address the integration of production and procurement transport planning problems have been proposed by Kuhn and 
Liske [52,53] , who combine the economic lot sizing and vehicle routing problems, and called it the economic lot and supply 
scheduling problem (ELSSP); and Hein and Almeder [54] who extend it from a capacitated lot sizing and vehicle routing 
problem (CLSVRP) perspective. 

The rest of the paper is organized as follows: Section 2 presents describes the MRP IV problem. Section 3 presents the 
mathematical programming model proposed to address the MRP IV problem. Section 4 offers an application of the proposed 
model in the automobile industry by presenting an evaluation of the obtained results and highlighting the managerial im- 
plications of the proposal. Finally, Section 5 provides the conclusions drawn and future research lines. 
2. MRP IV description 

Díaz-Madroñero et al. [1] and Mula et al. [55] originally introduced the conceptual model for the MRP IV problem, which 
is the starting point used to develop the mathematical programming model explained in this paper. Other academic studies 
have suggested analytical models for solving the production-transportation problem [56–61] . For an extensive review on 
production-transportation analytical models, we refer readers to [37,38] and [41] . It is important to highlight that most of 
the conducted studies address production and distribution planning to customers rather than production and procurement 
transport planning, as addressed herein. Regarding this restricted research area, the proposals by Kuhn and Liske [52,53] , 
Hein and Almeder [54] , Chen and Sarker [62] and Liotta [63] are highlighted. In line with this, Kuhn and Liske [52] com- 



Table 1. 
Main characteristics of reviewed articles. 

Kuhn and Liske 
[52] Kuhn and Liske 

[53] Chen and Saker 
[62] Hein and Almeder 

[54] MRP IV 
Demand Static Static Static Dynamic Dynamic 
Periods One and infinite One and infinite One and infinite Multiple Multiple 
Finished goods Multiple Multiple Multiple Multiple Multiple 
Raw materials Multiple Multiple Multiple Multiple Multiple 
Production system 
issues Stages Single stage Single stage Single stage Single stage Single stage 

Capacity ● ● ● ● ●
Overtime and 
undertime ●

Backlogs ●
Inventory issues Finished goods 

warehouse ● ● ● ● ●

Components and 
raw materials 
warehouse 

● ● ● ● ●

Capacity ●
Safety stock ●

Transport issues Modes One One One One Several 
Fleet of vehicles Homogeneous Homogeneous Homogeneous Homogeneous Homogeneous 
Travel time 
between nodes ●

Distance dependent 
cost ● ● ● ● ●

Fixed cost per 
vehicle ● ● ●

Fixed cost per stop ●
Costs Setup ● ● ● ●

Inventory holding ● ● ● ● ●
Transport ● ● ● ● ●
Manufacturing ●
Purchasing ● ●

Main Assumptions Suppliers Each supplier offers 
only one kind of 
part to the 
manufacturer 

Suppliers location Geographically 
dispersed in close 
proximity to the 
production plant 

Production Finished goods 
have a common 
production cycle 
Production plant 
only can 
manufacture one 
item at a time 

Finished goods may 
be produced by 
different 
production cycles, 
although a 
common basic 
period still exists 

Routes Each route contains 
only input 
materials for a 
single end item 

Each route contains 
only input 
materials for a 
single end item 

Same delivery cycle 
time for all 
suppliers 

Every vehicle route 
starts and ends 
during the same 
period 

Application Artificially 
generated instances ● ● ● ●

Industrial data ●

bine an ELSP and a VRP to represent the production system and the collection of raw materials from a set of suppliers, 
respectively, in the so-called economic lot and supply scheduling problem (ELSSP), and use a common production cycle 
time for each finished good manufactured under constant demand. Later Kuhn and Liske [53] relax this assumption by con- 
sidering that each finished good can be produced with different production cycles, and emphasize the economic advantages 
of the power-of-two policy compared with a common cycle approach. In this context, Chen and Sarker [62] develop a so- 
lution method based on metaheuristic algorithms to integrate milk-run transport procurement with the production stage. 
Based on previous studies by Kuhn and Liske [52,53] , Hein and Almeder [54] propose a MIP formulation for the capaci- 
tated lot sizing and supply side vehicle routing problem (CLSVRP). It comprises an inventory routing problem (IRP) and a 
CLSP with dynamic and discrete demand in conventional and JIT scenarios, and with and without raw materials inventories, 
respectively. Table 1 presents the characteristics of the previous contributions in terms of demand, planning horizon, num- 
ber of finished goods and raw materials, productions, inventory and transport issues, considered costs, as well as the main 



assumptions and applications as regards the present proposal. As shown in Table 1 , two main groups of proposals can be 
found. On the one hand, those models which assume a static stationary demand with an infinite period, and on the other 
hand, those which consider dynamic demand over multiple time periods. Depending on this aspect, the formulation and 
properties of the proposed models differ. However, some distinct aspects are shared between both groups of proposals, such 
as modeling multiple finished goods and raw materials, and considering a single and capacitated production stage that is 
supplied from raw materials and a components warehouse and which manufactures finished goods that can also be stored 
in their corresponding warehouse. Regarding transport issues, all these previous articles consider a homogeneous fleet of 
vehicles and distance-dependent costs. In this sense, setup and inventory holding costs are also included in the objective 
function of these previous contributions. The main assumptions were divided into four groups: suppliers, location of suppli- 
ers, production system and routes. Regarding supplier assumptions, Chen and Saker [62] are the only authors who consider 
that each supplier can only offer one type of component or raw material to the manufacturer. As regards production sys- 
tems, Kuhn and Liske [52] assume that finished goods have a common production cycle, and that production plants can 
only manufacture one finished good at a time. Later Kuhn and Liske [53] consider different production cycles, but with a 
common basic period. According to Chen and Saker [62] , transport routes have the same delivery cycle time for all suppli- 
ers, while Kuhn and Liske [52,53] impose that each route contains only the input materials needed to manufacture a single 
finished good. Regarding dynamic demand approaches, we can highlight the assumption made by Hein and Almeder [54] , 
who consider that all suppliers are located in close proximity to production plants and, hence, each vehicle route has to 
start and end during the same time period. 

In comparison to our proposal, this is one of the main differences found because the MRP IV model considers transit 
times between suppliers that can be located far away from manufacturing plants, with travel distances of more than a 
time period. Our model also contemplates several road transport modes (FTL, LTL and milk run) and costs per stop in each 
supplier or manufacturing plant, as well as transport distance based costs and fixed costs per vehicle. The objective function 
also includes the manufacturing and purchasing costs of components and raw materials. Regarding the production system 
and inventory, the MRP IV model considers the possibility of manufacturing finished goods in extra time and backlogging 
demand with high penalization costs, as well as capacitated warehouses for component and raw materials and safety stocks, 
respectively. Finally, only the MRP IV is validated with a case study and a real world manufacturing firm that belongs to the 
automotive industry. 

Thus the MRP IV problem can be stated as follows: 
Given: 

- Customers demand for each finished good during each planning period. 
- Bill of materials (BOM) for each finished good. A general structure is assumed; i.e., an input material could form 

part of several different products. Here one supplier could supply different parts that belong to several finished 
goods. 

- Initial demand backorders and initial inventory levels for each finished good, raw material and component. 
- Safety stock for each finished good, raw material and component. 
- Supply lead time for each raw material and component. 
- Scheduled receptions for each raw material and component. 
- Production system costs: variable production costs, purchasing costs of raw materials and components, inventory 

holding costs, backordered demand costs, undertime costs and overtime costs of productive resources. 
- Production capacity of available productive resources. 
- Manufacturing time required to produce each finished good. 
- Setup times (if required). 
- Production lot size (if required). 
- Inventory capacity in the manufacturing plant warehouse. 
- Dimensions of raw materials and components. 
- Purchasing lot size for each raw material and component. 
- Distances and transit times between nodes (suppliers and production plant). 
- Transport costs: traveled distance costs, waiting and loading and unloading costs. Other complementary costs can 

be considered, such as urgent deliveries, overload, discounts, etc. 
- Transport capacity of available vehicles. 
- Shipping modes: different shipment modes can be considered depending on the ordered amount of raw materials 

and components, and on suppliers’ geographic location; e.g., FTL, LTL or routes, and milk-run. 
- Shipment frequency from suppliers that use the milk-run shipping mode. 
- Special shipping units required for transporting raw materials and components, e.g., racks, pallets, etc. 

To determine: 
- The Master production schedule (MPS). 
- Overtime and undertime hours of the available productive resource. 
- Purchasing plan for raw materials and components. 
- Number of vehicles, loads and routes. 



- Inventory levels for each finished good, raw material and component at the end of each period. 
- Demand backorder levels for each finished good at the end of each period. 

The main goal to meet is: 
- Minimizing total costs, including production, inventory and transport costs. 

Subject to: 
- Production capacity constraints. 
- Safety stock and inventory capacity constraints. 
- Transport capacity constraints. 

Moreover, the following assumptions are made: 
- Only a productive resource that restricts the manufacturing of finished goods is considered. 
- The shipping mode is considered pre-assigned for each supplier; e.g., FTL shipments correspond to those suppliers 

with the highest volume of orders. Shipments by routes or LTL are indicated for those suppliers with small volumes 
of orders and which are located at middle to long distances from the manufacturer so that shipments can be 
consolidated by designing routes. Finally, milk-run routes correspond to those suppliers located very close to each 
other and to the manufacturer with higher order volumes that are received several times a day via routes that are 
repeated with a given frequency. 

- The supply lead time is considered null for finished products and raw materials, and for components supplied 
by the milk-run shipping mode, because the manufacturing and transit times from very close suppliers are cut 
compared to the transport times for FTL and LTL suppliers. 

3. MRP IV formulation 
This section proposes a mixed integer mathematical programming formulation for the MRP IV problem. The nomencla- 

ture defines the sets of indices, parameters and decision variables for the proposed model ( Table 2 ). 
Model formulation is as follows: 

Minimize z = ∑ 
i ∈ J 

∑ 
t c p it · P it + ∑ 

i ∈ C 
∑ 

k 
∑ 

t cp c it · QR F ikt + ∑ 
i ∈ C 

∑ 
l 

∑ 
t cp c it · QR D ilt 

+ ∑ 
i ∈ C 

∑ 
t cp c it · QR M it + ∑ 

i ∈ J 
∑ 

t c i it · INV T F it + ∑ 
i ∈ C 

∑ 
t c i it · INV T C it 

+ ∑ 
i ∈ J 

∑ 
t cb o it · B it + ∑ 

t cov t · OV T t 
+ ∑ 

i 
∑ 

k 
∑ 

t ckm · Dist F i · Y ikt + ∑ 
l 

∑ 
t 

∑ 
s 

∑ 
i ckm · Dist R si · X ltsi 

+ ∑ 
i 

∑ 
k 

∑ 
t cst · Y ikt + ∑ 

l 
∑ 

t 
∑ 

s 
∑ 
i =0 cst · L X ltsi 

+ ∑ 
g 

∑ 
s ∈ T M∪ np 

∑ 
i ∈ T M∪ np 

∑ 
t ckm · f g · Dist R si · M gsit (1) 

The objective function ( 1 ) corresponds to the minimization of the total production and transport planning costs. It in- 
cludes production costs, acquisition costs of raw materials and components, the inventory cost of finished goods, raw ma- 
terials and components, overtime costs of productive resources, backordered demand costs, transport costs associated with 
FTL, routes or LTL (including expected costs per stop) and milk-run shipments. Here cost components have been considered 
as time-dependent. Nevertheless, for specific problems with time-independent cost components, index t could be removed 
from the cost coefficients of the objective function. 

Subject to: 
INV T F i,t−1 + P i,t−l t i + S R it − B i,t−1 + B it − INV T F it = d it 
∀ i ∈ J, ∀ t (2) 
INV T C i,t−1 + ∑ 

k QR F ik,t−l t i + ∑ 
l QR D il ,t−l t i + QR M it 

+ S R it − INV T C it = ∑ 
j α ji · P jt ∀ i ∈ C, ∀ t (3) 



Table 2. 
Nomenclature. 

Set of indices 
I,S Set of finished goods, components and raw materials, suppliers, manufacturing plant and virtual node 
TF Set of suppliers with the FTL shipment mode 
TR Set of suppliers with routes or the LTL shipment mode 
TM Set of suppliers with the milk-run shipment mode 
G Set of graphs of the milk-run routes 
T Set of time periods 
J Set of finished goods 
C Set of components and raw materials 
K Set of available trucks for the FTL shipping mode 
L Set of available trucks over the planning horizon for routes or the LTL shipping mode 
Parameters 
d it Demand of finished good i during time period t 
lt i Lead time of supplier i 
INVTF i0 Initial inventory level of finished good i in the manufacturing plant 
INVTC i0 Initial inventory level of component i in the manufacturing plant 
SR it Scheduled receptions of component i during time period t 
B i0 Initial backorders of finished good i 
αji Quantity of i to produce a unit of finished good j 
CAP t Available capacity of the productive resource during time period t 
AR i Time required to produce a unit of product i in the productive resource 
SS i Safety stock of component i 
WCAP Available inventory capacity for the components in the manufacturing plant 
sz i Size of a unit of product i 
DistF i Distance to the manufacturing plant from supplier i 
DistR si Distance from supplier s to supplier i 
TT si Transit time from node s to node i 
TRCAP Maximum transport capacity per truck 
np Node that corresponds to the manufacturing plant 
nv Virtual node that corresponds to the beginning of each route 
f g Pick up frequency in each node per period in graph g 
cp it Variable cost of the normal production of a unit of finished good i during time period t 
cpc it Purchasing cost of component i during time period t 
ci it Inventory holding cost of product i during time period t 
cbo it Backorder cost of product i during time period t 
cov t Cost of 1 overtime hour of the productive resource during time period t 
ckm Cost per kilometer 
cst Stop cost for picking products at suppliers 
Decision variables 
P it Quantity of product i to be produced during time period t 
QRF ikt Quantity of product to order to supplier i by the FTL shipping mode on truck k during time period t 
QRD ilt Quantity of product to order to supplier i by routes or the LTL shipping mode on truck l during time period t 
QRM it Quantity of product to order to supplier i by the milk-run shipping mode during time period t 
INVTF it Inventory of finished good i at the end of time period t 
INVTC it Inventory of component i at the end of time period t 
B it Backorder of finished good i at the end of time period t 
UNT t Undertime hours of the productive resource during time period t 
OVT t Overtime hours of the productive resource during time period t 
SRF ikt Space occupied by the amount of QRF to be shipped by the FTL shipping mode on truck k during time period t 
SRD ilt Space occupied by the amount of QRD to be shipped by routes or the LTL shipping mode on truck l during time period t 
SRM git Space occupied by the amount picked in supplier i in graph g by the milk-run shipping mode during time period t 
Y ikt 1 if truck k travels from the supplier to the production plant in the FTL shipping mode , 0 otherwise 
X ltsi 1 if truck l departs from node s to node i during time period t, 0 otherwise 
LX ltsi 1 if truck l arrives to node i from node s during time period t, 0 otherwise 
YR lst 1 if truck l visits node s during time period t, 0 otherwise 
YRD lit 1 if SRD is higher than zero, 0 otherwise 
M gsit 1 if the truck in graph g departs from node i to node s during time period t, 0 otherwise 
YM git 1 if the truck in graph g arrives at i during time period t, 0 otherwise 
WR lst Auxiliary variable used for subtours elimination constraints 
WM gst Auxiliary variable used for subtours elimination constraints in each graph g 

∑ 
i ∈ J P it A R ir + UN T t − OV T t = CA P t ∀ t (4) 

SR F ikt = s z i · QR F ikt ∀ i ∈ C ∩ { T F ∪ T R } , ∀ k, ∀ t (5) 
SR F ikt ≤ T RCAP · Y ikt ∀ i ∈ C ∩ { T F ∪ T R } , ∀ k, ∀ t (6) 
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SR D ilt = s z i · QR D ilt ∀ i ∈ C ∩ T R, ∀ l, ∀ t (7) 
SR M git = s z i · QR M it 

f g ∀ i ∈ C ∩ T M, ∀ g, ∀ t (8) 
∑ 

l 
∑ 

i ∈ T R ∪ n v X lt,np,i = 0 ∀ t (9) 
∑ 

l 
∑ 

s ∈ T R ∪ np X lts,n v = 0 ∀ t (10) 
∑ 

t 
∑ 

i ∈ T R ∪ np X lt,n v ,i ≤ 1 ∀ l (11) 
∑ 

t 
∑ 

s ∈ T R ∪ n v X lts,np ≤ 1 ∀ l (12) 
∑ 

l 
∑ 

t 
∑ 

i ∈ T R ∪ np X lt,n v ,i ≤ L (13) 
∑ 

l 
∑ 

t 
∑ 

s ∈ T R ∪ n v X lts,np ≤ L (14) 
∑ 

s ∈ T R ∪ n v L X ltsi = Y R D l,it ∀ i ∈ T R, ∀ l, ∀ t (15) 
SR D ilt ≤ T RCAP · Y R D lit ∀ i ∈ C ∩ T R, ∀ l, ∀ t (16) 
∑ 

i ∈ T R ∩ C 
∑ 

t SR D ilt ≤ T RCAP ∀ l (17) 
∑ 

i ∈ T R ∪ np X ltsi = Y R lst ∀ s ∈ T R, ∀ l, ∀ t (18) 
X ltsi = L X l,t+ T T si ,si ∀ i ∈ T R ∪ np, ∀ s ∈ T R ∪ n v , ∀ l, ∀ t (19) 

∑ 
i ∈ T R ∪ np X ltsi = ∑ 

i ∈ T R ∪ n v L X ltis ∀ s ∈ T R ∪ np, ∀ l, ∀ t (20) 
∑ 

i ∈ T M∪ np M gsit = ∑ 
i ∈ T M∪ np M gist ∀ s ∈ T M, ∀ g, ∀ t (21) 

∑ 
s ∈ T M M g,np,s,t = 1 ∀ g, ∀ t (22) 
∑ 

s ∈ T M M g,s,np,t = 1 ∀ g, ∀ t (23) 
∑ 

s ∈ T M∪ np M gsit = Y M git ∀ i ∈ T M, ∀ g, ∀ t (24) 
∑ 

i ∈ T M∪ np M gsit = Y M gst ∀ s ∈ T M, ∀ g, ∀ t (25) 
∑ 

g Y M git = 1 ∀ i ∈ T M, ∀ t (26) 
∑ 
i ∈ T R 

(
SR M git · Y M git ) ≤ T RCAP ∀ g, ∀ t (27) 

W R lst − W R li,t+ T T si + (T R − 1) · L X l,t+ T T si ,si ≤ T R − 2 
∀ i, s ∈ T R, ∀ l, ∀ t (28) 



W M gst − W M git + (T M − 1) · M gtsi ≤ T M − 2 
∀ i, s ∈ T M, ∀ g, ∀ t (29) 

∑ 
i ∈ C INV T C it ≤ W CAP ∀ t (30) 
INV T C it ≥ S S i ∀ i ∈ C, ∀ t (31) 
B i,t= T = 0 ∀ i ∈ J (32) 
UN T t , OV T t , SR F ikt , SR D ilt , W R lst , W M gst ≥ 0 

∀ i, ∀ s, ∀ r, ∀ k, ∀ l, ∀ g, ∀ t (33) 
P it , INV T F it , INV T C it , B it , QR F ikt , QR D ilt, QR M it ≥ 0 ∈ Z 

∀ i, ∀ k, ∀ l, ∀ t (34) 
X ltsi , L X ltsi , Y R D lit , Y R lst , Y ikt, M gsit, Y M git ∈ { 0 , 1 } 

∀ i, ∀ s, ∀ k, ∀ l, ∀ g, ∀ t (35) 
Constraints ( 2 ) and ( 3 ) establish inventory balance equations for finished goods and raw materials and components, re- 

spectively. For finished goods, the inputs in Constraint ( 2 ) correspond to produced amounts, scheduled receptions and the 
inventory at the end of the previous period, while outputs are the demand levels for each product. For raw materials and 
components, the inputs in Constraint ( 3 ) refer to the amounts to procure from each supplier, received for each transport 
shipping mode, and the scheduled receptions and inventory levels for previous period. Outputs correspond to the consump- 
tions for each raw material and component obtained by exploiting the BOM. Production amounts are limited by the avail- 
ability of a group of shared resources. Both constraints consider the lot-for-lot optimization technique for each time period. 
If the consideration of other economic trade-offs or physical factors requires the addition of other lot-sizing optimization 
techniques, they should be incorporated through new constraint formulations. 

Constraint ( 4 ) considers the capacity limits for these productive resources. Similarly to Mula et al. [64] , decision variable 
OVT t is not limited by any upper bound, but is penalized with its corresponding cost in the objective function while UNT t is 
incorporated in order to avoid infeasibilities. Constraint ( 5 ) determines load size (in linear meters) for the ordered amounts 
to each supplier with FTL shipping mode. Constraint ( 6 ) corresponds to transport capacity limitations for full trucks; thus 
load size does not exceed the truck’s total capacity in linear meters. The proposed model allows the components and raw 
materials to be delivered by full trucks from the suppliers previously associated with the routes shipping mode if this is 
more advantageous according to the corresponding incurred costs. Constraint ( 7 ) is the equivalent to Constraint ( 5 ), but 
refers to routes or the LTL shipping mode. Constraint ( 8 ) determines shipment sizes for the milk-run mode by dividing the 
total size of the ordered amounts by the corresponding pick up frequency. The open nature of transport routes is given 
by the following equations. Constraint ( 9 ) ensures that no truck can depart from the manufacturing plant to another node, 
while Constraint ( 10 ) determines that no truck can arrive at the virtual node used as a departure node on each route. 
Moreover, Constraint ( 11 ) determines that each truck can only depart at most once from the virtual node towards any 
shipping routes mode supplier all along the planning horizon. Constraint ( 12 ) ensures that each truck that arrives from 
any supplier can only arrive to the production plant, as a maximum, once throughout the planning horizon. Constraint 
( 13 ) states that only the number of total available vehicles ( L ) can depart from a virtual node as a maximum. Similarly, 
Constraint ( 14 ) determines the limitation of the trucks that arrive at the production plant from any shipping route mode 
supplier throughout the planning horizon. Constraints ( 15 ) and ( 16 ) establish the condition of visiting every LTL shipping 
supplier in such a way that truck l visits the corresponding supplier, but only if the size (in meters) of the quantity to 
order on each truck l exceeds zero. Constraint ( 17 ) corresponds to transport capacity limitations in such a way that the total 
loaded amounts by a truck at each visited supplier is less than the truck’s total capacity. Constraint ( 18 ) determines that 
each truck l can depart only once from each supplier. Constraint ( 19 ) is included to provide a better understanding of the 
model in relation to the movement of trucks throughout the time expanded network. Specifically, Constraint ( 19 ) shows the 
equivalence of decision variables X ltsi and LX ltsi by considering the lag time associated with the transit time between nodes s 
and i . Given this equivalence, the balance equation of the traffic flow in each node is determined by Constraint ( 20 ). Unlike 
the open character of the conventional routes shipping mode, milk-run routes begin and end at the manufacturing plant, 
as in classical vehicle routing problem (VRP) models. Thus Constraints ( 21 ) to ( 27 ) correspond to the typical constraints 
related to this problem [65] . Constraint ( 21 ) determines the vehicles balance flow equation in each node by establishing 



that the number of trucks that leaves a node must equal the number of trucks that arrived at that node. Constraints ( 22 ) 
and ( 23 ) determine that the vehicle associated with graph g starts and ends its route in the node that corresponds to the 
production plant. Constraints ( 24 ), ( 25 ) and ( 26 ) state that each supplier can be visited only by one truck in a single graph. 
Constraint ( 27 ) establishes transport capacity limitations in such a way that the total amounts collected at each supplier 
on each route are less than the truck’s capacity to transport them. This equation presents a product of a binary decision 
variable and a continuous decision variable that results in a mixed integer nonlinear programming model. In order to avoid 
this nonlinearity, this expression can be easily linearized using a new auxiliary variable, as indicated by Williams [66] . 
Constraints ( 28 ) and ( 29 ) correspond to the equations of Miller et al. [67] for the subtours elimination on conventional 
routes and milk-run routes, respectively. In the latter, constraint formulation is immediate, while in the time expanded 
network routes case, the original equation had to be adapted to the rest of the model. Constraints ( 30 ) and ( 31 ) establish 
the limits that relate to the inventory levels of raw materials and components. In Constraint ( 30 ) the total inventory on 
hand is limited by the total warehouse capacity, while Constraint ( 31 ) states that the inventory level for each component 
and raw material should be above the safety stock. Constraint ( 32 ) ensures that demand backorders are zero at the end of 
the planning horizon. Constraint ( 33 ) establishes nonnegativity conditions for decision variables, and Constraint ( 34 ) imposes 
integrality conditions. Finally, Constraint ( 35 ) indicates the binary character of the rest of the decision variables. 

Another possibility is to include fixed costs for vehicle use, as well as stoppage and traveled distance costs. According to 
Desaulniers [68] , the fixed costs associated with each vehicle must be high enough to avoid suboptimal solutions. 

In the proposed integrated production and procurement transport planning approach, production planning decisions (pro- 
duction amounts per time period and inventory) interrelate with transport planning decisions (shipments per period, routes, 
traveled distances and number of vehicles) through inventory and capacity constraints ( 3 ) and ( 4 ), provided that a single 
warehouse and productive resource are considered. In the sequential approach transport planning decisions are decomposed 
into three independent transport planning models that relate to each shipping mode. The entire transport and production 
planning problem can be decomposed into three integrated transport and production planning, but independent, problems 
according to the three shipping modes by assuming at least one raw material warehouse and one productive resource for 
each shipping mode. 
4. Application to an automobile supply chain 

The supply chain to which the proposed model MRP IV is applied belongs to the automobile sector. This supply chain 
consists of a set of 32 second-tier suppliers. They send raw materials and components to a first-tier supplier which man- 
ufactures automobile seats to send them to a car assembler. Specifically, the application of the proposed model focuses on 
three different models manufactured in the seat supplier plant located in Assenede (Belgium) from where the car assembler 
plant located in Gent (Belgium) is supplied according to a just-in-time production system. In this sense, it is important to 
highlight the seat manufacturer assemblies and deliveries of seats in a synchronized way to the car assembler’s assembly 
lines. However, second-tier suppliers, which supply raw materials and parts to the seat assembler, do not produce and de- 
liver in this synchronized way according to a just-in-time system, rather the seat assembler’s material requirement planning 
system is adopted as the basis of their production and transportation plans. Depending on their geographical location to the 
seat manufacturing plant, and the volume of the components and raw materials needed, the mid-term planning at the seats 
manufacturer assigns the most convenient transport mode for procurement from each supplier. For the seats manufacturing 
plant, the available suppliers send their products by the FTL shipping mode, or by conventional routes or the LTL shipping 
mode, since there is no group of suppliers in the vicinity of the production plant to establish milk-run routes. 

Currently, production and procurement transport planning are solved separately. First, the production and procurement 
plan is calculated by an ERP system based on standard MRP II. Nevertheless, the company only uses the MRP module for 
material supply planning because it is considered that no capacity problems will arise as the car seat assembly supplier 
is a flexible plant, plus there is the possibility of using extra capacity from other plants in the industrial group [64] . On a 
regular weekly basis, the company receives the DCI (daily call in) or production program with a 10-day planning horizon 
from the automobile assembler, which acts, along with the BOM of each seat, as input data for the production planning 
module. Second, procurement transport planning is solved by taking into account the output of the production planning 
module, and by using an heuristic procedure based on the spreadsheet described by Peidro et al. [69] and Mula et al. [22] , 
for the FTL shipping mode, while a manual heuristic procedure is used for routes or the LTL shipping mode. For all the 
existing suppliers, a group of more than 10 employees uses these procedures to manually plan transport processes. 

The assumptions made to carry out the computational experiment are summarized as: 
- Customer demand is stated for three finished products that are representative of all the products manufactured by the 

seats manufacturer. 
- Decision variables P it , INVTF it and B it are considered integer. 
- If the production system cannot produce the quantities demanded by the automobile assembler, backordered demand 

for end products is allowed, but at a high cost penalty. 
- The assembly line is the only productive resource that restricts the manufacturing of finished goods. 
- The MRP IV model is run every Monday when demand values are updated with a 10-day horizon that corresponds to 

the reception of the DCI. These values are considered firm orders. 



Fig. 1. Rolling horizon heuristic mechanism (I). 
- Given the computational effort needed to calculate solutions, a maximum run time is set at 15 min. 
- The shipping mode for each supplier is known in advance and is set according to the mid-term planning by the manu- 

facturing seat firm. 
- Fixed costs are considered for truck use. 

Detailed input data can be found at: http://personales.upv.es/fcodiama/AMM/AMM _ DiazMadroñero _ Data.pdf 
According to Kuhn and Liske [52] , to reproduce the sequential planning approach conducted in the company without 

any integration, the MRPDet model [64] is executed. The corresponding BOM explosion acts as an input of a transportation 
planning model for the FTL shipping model based on the spreadsheet described in Díaz-Madroñero et al. [70] and Peidro et 
al. [69] , and a model for transportation planning for routes or the LTL shipping model. 
4.1. Computational experiments 

Computational experiments were carried out by using the rolling planning horizon concept [71] . If a 6-week planning 
horizon is considered (30 daily periods), which corresponded to a planning segment from the automobile assembler, the 
obtained problem could be too complex to be solved by a commercial MIP solver. So in order to solve the problem for 
all the considered periods, a rolling horizon heuristic procedure was chosen. Such heuristics have been applied in produc- 
tion planning problems [72,73] and transport planning problems [74,75] . Rolling horizon heuristics are based on dividing 
the planning horizon into smaller subhorizons to solve repeated mathematical programming models associated with the 
obtained planning subhorizons. 

The rolling horizon mechanism is shown in Figs. 1 and 2 . In each iteration of the heuristic, the subhorizon was divided 
into two parts: 

(i) A frozen part, in which the planned amounts calculated in the previous iteration were received by transportation to 
begin producing the amounts imposed by the previous iteration with no stockouts of components and raw materials. 

(ii) A part in which the amounts to produce ( P ), the amounts of components and raw materials, and the corresponding 
transportation planning ( RT ) were calculated by considering the inventory level available at the end of the last period 
in the first planning subhorizon half in the previous iteration ( INVTF and INVTC ). 

These calculated quantities were frozen and then production amounts and scheduled receptions ( SR ) were considered 
in the first subhorizon half in the next iteration, respectively. This process was repeated until the entire planning horizon 
was covered. In each iteration, the corresponding mixed integer linear programming model was solved coinciding with the 
reception of each DCI. 

The proposed MRP IV model, and those used to compare the sequential planning approach conducted in the seats man- 
ufacturing firm with no kind of integration, adopted the considered previously assumptions. All these models were imple- 
mented by using the MPL modeling language [76] . Their resolutions were carried out by the Gurobi solver [77] in a computer 
with two Intel Xeon 2.93 GHz processors and 48 GB RAM memory. 



Fig. 2. Rolling horizon heuristic mechanism (II). 
4.2. Evaluation of the results 

In this study, the results obtained by carrying out the computational experiments according to the previous rolling hori- 
zon procedure for the proposed MRP IV model, and those used to simulate the sequential planning approach conducted 
in the seats manufacturing firm with no kind of integration, were compared. The evaluation of the results focused on the 
following aspects: (1) computational efficiency; (2) planning costs; and (3) transport planning indicators. 
4.2.1. Computational efficiency 

Table 3 summarizes the computational effort needed to solve each model for both the integrated and sequential ap- 
proaches, and for each execution. Column iterations indicate the number of iterations needed to obtain an optimal solution. 
The number of decision variables, integer variables, constraints and nonzero elements from the constraints matrix related to 
the model, along with the density matrix, are also shown. Parsing and solution times (CPU time) are also included. Finally, 
the solution gap is indicated. 

The results on the computational effort of the models were obtained by setting an upper limit of CPU time at 900 s and 
a stopping criterion for the gap of 1% in such a that the solution process stopped if either of these two criteria was met. 
As the evaluated models had the same structure and input data of the same size for each execution, the values associated 
with each model size (variable, integer and constraints) were equal for each one. However, the values directly related to the 
solution process and the required computational effort, such as the number of iterations, parsing time and CPU time, could 
have different values, except when the model reached the limit of 900 s during the solution process. 

The bottom of the table shows the results for the sequential approach without integration. The total values obtained 
by this approach were significantly higher than the integrated MRP IV approach as for the total number of variables and 
integer variables because the variables in each model were duplicated. Conversely, the number of constraints and nonzero 



Table 3. 
Computational efficiency. 

Model Iterations Variables Integer Constraints Nonzero 
elements Matrix 

density (%) Parsing 
time (s) CPU 

time (s) Gap 
Integrated approach Exec.1 MRPIV_1 1,55,756 228,670 69,490 1,534,843 5,451,788 0.0016% 117.00 276.00 0.8809% 

Exec.2 MRPIV_2 670,035 228,670 69,490 1,534,858 5,449,853 0.0016% 116.00 901.00 1.0176% 
Exec.3 MRPIV_3 722,145 228,670 69,490 1,534,858 5,449,853 0.0016% 122.00 901.00 1.1328% 
Exec.4 MRPIV_4 420,210 228,670 69,490 1,534,858 5,449,853 0.0016% 120.00 901.00 1.1552% 
Exec.5 MRPIV_5 374,876 228,670 69,490 1,534,858 5,449,853 0.0016% 116.00 901.00 1.1011% 

Sequential approach Exec. 1 MRPDet1 728 20 0 0 90 2109 4551 0.1800% 0.28 0.06 0.6532% 
FTL1 1424 126,010 37,030 74,360 263,310 0.0030% 1.65 5.96 0.4357% 
Routes1 1,501,273 200,975 72,730 290,290 1,903,640 0.0030% 80.00 901.00 5.3892% 
TOTAL1 1,503,425 328,985 109,850 366,759 2,171,501 81.93 907.02 

Exec. 2 MRPDet2 32 20 0 0 90 2109 4656 0.1100% 1.97 0.19 0.0 0 0 0% 
FTL2 1511 126,010 37,0 0 0 74,360 263,310 0.0030% 1.33 5.15 0.3094% 
Routes 2 1,096,596 200,975 72,730 290,290 1,903,640 0.0030% 89.00 90 0.0 0 5.9578% 
TOTAL2 1,098,139 328,985 109,820 366,759 2,171,606 92.30 905.34 

Exec. 3 MRPDet3 22 20 0 0 90 2109 4656 0.1100% 0.66 0.05 0.0 0 0 0% 
FTL3 1395 126,010 37,0 0 0 74,360 263,310 0.0030% 0.83 5.91 0.3501% 
Routes 3 1,195,270 200,975 72,730 290,290 1,903,640 0.0030% 83.00 90 0.0 0 7.9671% 
TOTAL3 1,196,687 328,985 109,820 36,6759 2,171,606 84.49 905.96 

Exec. 4 MRPDet4 28 20 0 0 90 2109 4656 0.1100% 0.61 0.01 0.0553% 
FTL4 1230 126,010 37,0 0 0 74,360 263,310 0.0030% 1.62 7.11 0.3826% 
Routes 4 1,779,764 200,975 72,730 290,290 1,903,640 0.0030% 85.00 901.00 5.0991% 
TOTAL4 1,781,022 328,985 109,820 366,759 2,171,606 87.23 908.12 

Exec. 5 MRPDet5 30 20 0 0 90 2109 4656 0.1100% 0.66 0.05 0.1889% 
FTL5 1372 126,010 37,0 0 0 74,360 263,310 0.0030% 1.32 6.31 0.6541% 
Routes 5 1,135,056 200,975 72,730 290,290 1,903,640 0.0030% 82.00 90 0.0 0 6.4462% 
TOTAL5 1,136,458 328,985 109,820 366,759 2,171,606 83.98 906.36 

Table 4. 
Comparison of the total costs in the integrated and sequential approaches. 

Integrated approach MRP IV Sequential approach Savings Savings (%) 
Total costs €35,402,268 €36,436,788 €1,034,520 15.45 a 
Total overtime costs €95,966 €155,623 €59,657 38.33 
Total inventory costs €1,957,386 €1,908,635 €−48,751 −2.55 
Total transport costs €3,586,108 €4,609,722 €1,023,614 22.14 
a 

Excluding fixed costs (production and raw materials purchasing). 
elements was considerably higher in the integrated approach because of the simultaneous consideration of the inventory, 
production and transportation restrictions. This fact was confirmed by the longer parsing time required as a prelude to the 
resolution. In general, CPU times were similar for both approaches as models MRPDet and FTL were easily solved (0.19 s 
and 7.11 s, respectively), while the route models needed nearly 900 s to obtain a solution in all cases given their highly 
combinatorial nature. This explained the large number of iterations required for the resolution, as seen in the corresponding 
column, and they were an order of magnitude above the number of iterations required for solving the integrated models. 
The deviation of the obtained solution to the lower bound of the problem was also superior in the route models as a 
maximum gap of 7.9671% was obtained during the third execution. This could, therefore, determine the overall optimality 
of the sequential approach compared to the maximum gap of 1.1552% of the integrated MRP IV model obtained during 
the fourth execution. The largest number of restrictions in the integrated model made the universe of solutions smaller and, 
therefore, the resolution process proved more effective for finding a solution that came closer to the optimal one in the same 
CPU time. The total CPU time required for the five rolling horizon executions to solve the production and transportation 
planning problem was 3880 s (65 min) for the integrated approach, while the sequential approach needed 4532 s (76 min). 
However, we noted that despite these calculation times seeming excessive, such tactical problems are not run every day and 
are, therefore, acceptable solution times [78] . 
4.2.2. Planning costs 

Table 4 presents the costs associated with the production and transport planning carried out according to the sequential 
and integrated MRP IV approach, calculated for 30 periods according to the proposed rolling horizon mechanism. Further- 
more, in order to compare the savings obtained by the integrated approach compared to the sequential approach, formula 
( 36 ) proposed by Kuhn and Liske [52] was considered. Table 4 offers the savings that correspond to all the different consid- 
ered costs in both absolute numbers and percentages. 

Sa v ings = Cos t sequential − Cos t int egrated 
Cos t sequential · 100% (36) 



Table 5. 
Comparison of the transport planning indicators of the integrated and sequential approaches. 

Integrated approach MRP IV Sequential approach Improvement (%) 
Total traveled kilometers 960,154 1,254,754 23.48 
Kilometers traveled by vehicle 925.00 969.67 4.6 
Number of vehicles for the full truck shipping mode 1020 1236 17.48 
Number of vehicles for the routes shipping mode 18 58 68.97 
Average occupation level of vehicles for the full truck load shipping mode 94.54% 75.14% 25.82 
Average occupation level of vehicles for the routes shipping mode 99.89% 92.20% 8.34 
Transport cost per finished good unit €97.57 €125.31 22.14 

Regarding costs, production, inventory and overtime costs were considered to compute the total costs for the first halves 
for each planning subhorizon during each execution (except in implementation 5, where such costs were considered for all 
the periods), but also the purchase costs of raw materials and components and transport costs for the entire period of each 
model execution. 

Regarding the most significant savings in absolute terms, transport costs were firstly identified, followed by overtime 
costs, while inventory costs became slightly worse because the sequential approach exactly matched the inventory levels 
and the established safety stocks since the quantities to order calculated by the MRPDet model were not modified during 
the transportation planning process. Consequently, the use of transport resources became worse, so more trucks would be 
needed to transport the ordered quantities. According to the typical behavior of an MRP model, raw materials and compo- 
nents orders are made during the last possible period needed to manufacture finished goods, which could involve resorting 
to overtime if demand was higher than the manufacturing production capacity during such period. In this case, overtime 
costs were higher in the sequential model than in the integrated model which advanced the manufacturing of finished goods 
to periods with lower demand levels and, therefore, the available manufacturing capacity was better adjusted. Production 
and raw materials purchasing costs remained unchanged; this was because they are indispensable for meeting the demand 
for both the sequential and integrated approaches and could, therefore, be considered fixed costs for this purpose in the 
contemplated planning horizon. 

According to the main factors that might influence the savings that can be achieved by the integrated method, it is im- 
portant to highlight demand levels, production capacity, lot sizes, transport network capacity and safety stocks. It is foreseen 
that higher demand levels with no increased production capacity will lead to more overtime costs in both models, but with 
a slight increase in the sequential model, which delays the demand immediately prior to it becoming necessary, and with- 
out considering transportation factors. Furthermore, the established supply and manufacturing lot sizes and/or higher safety 
stocks would result in higher inventory, production and transport costs. In short, the integrated approach better optimizes 
transport capacity and overtime usage, and even the achieved savings would improve with worse conditions of demand 
variability, fixed lot sizes and higher safety stocks. 

After considering the fixed nature of the production and raw materials’ purchasing costs, the following suggestion was 
made: the relative savings obtained by the integrated approach should be calculated after deducting these costs from the 
total costs in the same way that costs have been considered in Chandra and Fisher [31] , Bard and Nananukul [44,45] , Boudia 
and Prins [78] and Kuhn and Liske [52] , among others. Hence the relative saving for the sequential approach obtained by 
the integrated model, which was calculated by excluding fixed costs, was 15.45%, and 2.84%, respectively, without being 
excluded. Nevertheless, absolute savings were more than one million euros, which could be considered a significant saving, 
especially in successive periods of over 1 year. Furthermore, the integrated approach at least ensured the results obtained 
by the sequential approach and therefore, never increased the results compared to the sequential procedure, as shown by 
Kuhn and Liske [52] . 
4.2.3. Indicators related to transport planning 

Table 5 shows the values for the transportation planning indicators obtained by the MRP IV integrated approach and 
the sequential approach with no integration. These indicators were used in the manufacturing seats company to assess its 
transportation planning. 

The indicators offered by the integrated approach shown in Table 5 significantly improved those obtained by the se- 
quential approach. First, the total number of kilometers traveled lowered by nearly three hundred thousand kilometers, the 
equivalent to 23.48%. This was due mainly to the reduction in the number of trucks used in the integrated approach com- 
pared to the sequential approach, so the sum of the distances traveled by all these trucks decreased. However, although 
the average of kilometers traveled by truck was also more favorable in the integrated approach, it did not generate such a 
substantial improvement as the indicator of total distance traveled. In this case, the improvement was 44.67 kms by truck, 
the equivalent to 4.61%, caused by the fewer trucks used by the integrated approach compared to the sequential approach. 
Specifically, the integrated approach used 216 full trucks and 40 vehicles for the routes shipping model, less than the se- 
quential approach with no integration for the 30 periods considered in the planning horizon. 

The proportion of vehicles for the FTL shipping mode compared to routes was slightly higher in the integrated approach 
than in the sequential one because the possibility of simultaneous production, inventory and transportation planning al- 



lowed to take the advantage offered by the FTL shipping mode compared to the routes shipping mode. Occupation of FTL 
significantly improved in the integrated approach, which resulted in an average occupation that came close to 95% of the 
transport capacity offered by trucks, compared to the 75.14% results obtained by the sequential approach. The advantages 
of integrated planning were also reflected in the occupation values obtained for the routes shipping mode, which reached 
99.89% of the available capacity compared to the result of 92.20% with the sequential approach. In short, the integrated ap- 
proach obtained better results compared to the sequential approach with no integration in total distance, average distance 
traveled per vehicle, number of trucks used and occupation. This was reflected in the improved overall transportation costs, 
as indicated in the previous section. In turn, this implied a reduction in the transport unit cost to incur in each manufac- 
tured finished good unit. This indicator was obtained by dividing the total transport costs obtained by the total number of 
units manufactured in the planning horizon. In this case, the reduction was €27.74, which meant an improvement of 22.14%. 

According to the data provided by the company, the maximum number of considered nodes was 14. However, routes did 
not tend to be formed by more than four stops because, in the integrated mode, transport resources started being used more 
efficiently (trucks were filled more), and occasionally completely loaded trucks were used instead of organizing deliveries on 
less filled trucks via routes. We can conclude that the challenging problems according to difficulty are the milk-run problem, 
and LTL and FTL given the problem’s combinatorial characteristic. 

Finally, the resulting production and transportations plans are shown for both the integrated and sequential planning 
approaches for finished goods 1 and raw materials in terms of the production and procurement amounts while executing 
the rolling horizon the second time to provide differences between both plans. See the link below: http://personales.upv.es/ 
fcodiama/AMM/AMM _ DiazMadroñero _ Data2.pdf 
4.3. Managerial implications 

After comparing the results obtained by the integrated and sequential approaches in a case study based on a real-world 
company that belongs to the automobile industry, we conclude that the integrated MRP IV approach is able to increase the 
degree of satisfaction in the planning and decision-making processes without causing any explosive growth of computa- 
tional effort s. Indeed from the following main input data, the integrated approach could provide production managers with: 
demand, inventory levels, bill of materials and manufacturing data, supplier locations, logistics constraints and associated 
unit costs; and output data related to: MPS, purchasing plan, the vehicles required for each transport mode, optimal routes 
and costs. Thus overtime and procurement transport costs considerably improve compared with a traditional sequential ap- 
proach. Moreover, the management of procurement transport resources is enhanced through increased vehicle utilization 
and by cutting traveled distances and the number of required trucks. Since fewer trucks are needed, the integrated MRP IV 
approach could make the management of vehicles in unloading docks, and of incoming raw materials and components, eas- 
ier as the traveled distance is shorter. This would reduce emissions of CO 2 and other gases associated with using combustion 
engines, which would imply consequent and evident environmental benefits. 

Another improvement is its ability to automate calculations without having to use different information systems or mov- 
ing information from the ERP to spreadsheets, with the risk of data loss. The proposed MRP IV model also helps avoid 
suboptimal results due to manual replannings done based on personal judgments, and on the experience of the planners in 
the company to which it is applied. The staff that is currently in charge of these planning tasks could evaluate and analyze 
the solutions obtained or transferred to other departments and reassigned to other functions within the company. Apart 
from obtaining more favorable planning, the new integrated model offers the possibility of consolidating all the production, 
inventory and transportation information in the same database. Even so, this MRP IV model could be used as the nucleus of 
any ERP or APS (advanced production system). In fact as far we know, APS commercial software, say APO or i2, addresses 
both problems (production planning and transport planning) in a sequential optimization/heuristics way by coordinating in- 
dependent modules or blocks [79–81] , rather than in an integrated way by simultaneously optimizing production planning 
and transport planning (routing and loading), as proposed in this paper. 
5. Conclusions 

This work has developed a mixed integer mathematical programming model, called MRP IV, to address production and 
procurement transport planning in an integrated fashion to avoid suboptimal results. The proposed model extends traditional 
MRP II by including the typical transportation modes used in industrial environments to send raw materials and components 
from suppliers to manufacturing plants, such as FTL, LTL or routes and milk-run. 

The proposed model has been validated using data from a real-world firm that belongs to the automobile industry in or- 
der to simultaneously compare the production and procurement transport planning obtained by the MRP IV model with the 
sequential planning done with the manual procedures used in the company under study. In order to avoid time-consuming 
calculations in the model resolution, a rolling horizon heuristic procedure has been considered. The proposed model presents 
better results in terms of total planning costs (production, inventory and transport costs) and transport efficiency (traveled 
kilometers, number of vehicles and vehicles occupation) without causing a computational effort explosion. Here the com- 
pany studies the application and implementation of integrated production and procurement transport planning approaches, 
and their link with current information systems, but in accordance with the company’s corporative strategy during a multi- 
national purchasing process. 



In this case, experiments based on an application study were carried out according to the planning horizon, the input 
data provided by the company and the planning method usually addressed in the automobile sector, where part of the 
planning horizon is frozen. This is useful for adapting production and transportation plans to demand uncertainty, while 
computation complexity diminishes. Nevertheless, further research is required to provide new experiments with several ar- 
tificial generated data sets and different time horizon sizes and number of products to test their influence on computational 
efficiency. The other limitations in this work are related to: (i) the transport shipping mode for each supplier is determined 
prior to executing the model according to the mid-term planning used in the company; (ii) the proposed solution method 
is not efficient enough in CPU time terms for problems that involve a larger number of suppliers and more products and 
components because many integer and binary variables exist. Therefore, the development of soft computing techniques, 
evolutionary algorithms and metaheuristics to help obtain solutions in acceptable times could be necessary. These sophis- 
ticated solution methods could help enrich MRP IV through further research, especially transport aspects by considering 
distance constrained or time constrained routing problems, and in accordance with current legislation on driver rest pe- 
riods, including time windows for visits to suppliers, and time windows for unloading at the manufacturing plant; or by 
contemplating the possibility of dividing the amounts to be collected at each supplier to transport them in different ve- 
hicles on different paths; moreover, each vendor can be visited by more than one vehicle during each period, as in the 
split delivery VRP [82] . Future studies could also introduce social responsibility issues by adding environmental (e.g. gases 
emissions by vehicles and manufacturing plants) and social (e.g. employees’ working conditions) criteria and the inherent 
uncertainty related to unknown or uncontrolled parameters, such as transport lead times, by proper modeling approaches, 
such as fuzzy mathematical programming or robust optimization. Finally in the future, more extensions could be foreseen to 
readapt MRP systems to further company needs. For instance, to the new Industry 4.0 context where production processes 
should be capable of smartly coordinating themselves and cooperating; e.g., being self-managing, with other value chain 
actors by minimizing their costs [83–85] . 
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